A fundamental goal of quantum technologies concerns the exploitation of quantum coherent dynamics for the realisation of novel quantum applications such as quantum computing, quantum simulation, and quantum metrology. A key challenge on the way towards these goals remains the protection of quantum coherent dynamics from environmental noise. Here, we propose a concept of hybrid dressed state from a pair of continuously driven systems. It allows sufficiently strong driving fields to suppress the effect of environmental noise, while at the same time being insusceptible to both the amplitude and phase noise in the continuous driving fields. This combination of robust features significantly enhances coherence times under realistic conditions, and at the same time provides new flexibility in Hamiltonian engineering that otherwise is not achievable. We demonstrate theoretically applications of our scheme for noise resistant analog quantum simulation in the well studied physical systems of nitrogen-vacancy centers in diamond and of trapped ions. The scheme may also be exploited for quantum computation and quantum metrology. [11, 12] to name just a few. This motivates the considerable effort that is being invested in the creation of the technological basis for these devices with the ultimate goal of constructing quantum devices that can outperform their classical counterparts. One of the main obstacles on this path is the effect of noise and decoherence due to interaction with an uncontrolled environment, the effect of which becomes increasingly severe as the number of system components grows. This poses a considerable challenge for achieving the quantum control of such systems while maintaining the quantum coherence of the system. Hence noise control is central for the future development of scalable quantum technologies.
Introduction.-Quantum technologies hold the promise for the realisation of a wide variety of applications including quantum computing [1] , quantum simulation [2] [3] [4] [5] [6] [7] [8] , quantum metrology [9] and precision measurements [10] as well as quantum sensing [11, 12] to name just a few. This motivates the considerable effort that is being invested in the creation of the technological basis for these devices with the ultimate goal of constructing quantum devices that can outperform their classical counterparts. One of the main obstacles on this path is the effect of noise and decoherence due to interaction with an uncontrolled environment, the effect of which becomes increasingly severe as the number of system components grows. This poses a considerable challenge for achieving the quantum control of such systems while maintaining the quantum coherence of the system. Hence noise control is central for the future development of scalable quantum technologies.
Various theoretical concepts and proposals, e.g. quantum error correction [13, 14] , decoherence free subspace [15] [16] [17] [18] [19] [20] [21] , and dynamical decoupling [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] , have been developed for the suppression or avoidance of quantum decoherence. Each of these methods are best suited for specific scenarios. For example, the decoherence free subspace approach is mainly useful in those cases in which noise exhibits a symmetry [21] , which however is not always the case. One important example among others that suffer from non-collective noise is the nitrogen-vacancy (NV) center in diamond [32] as a promising physical system for quantum information processing and quantum sensing, the noise of which is dominated by the local nuclear and paramagnetic environment. These noise sources exhibit relatively long memory times and thus can be suppressed using continuous driving. This approach however suffers drawbacks for strong driving where intensity and phase fluctuations may become significant [31] . It is an important observation, that for decoupling fields that are derived from the same source, these fluctuations will be strongly correlated. Hence, we propose to exploit this feature by pairing two driven systems into hybrid dressed states. The energy gap arising from continuous driving protects quantum coherence in non-Markovian environments and makes it insusceptible to inhomogeneous local environment noise, while the pairing approach makes it robust against the driving fluctuation. In comparison with dynamical decoupling in decoherence free subspace, see e.g. [20, 21] , the present idea of hybrid dressed state provides new flexibility in the engineering of effective Hamiltonian. With detailed numerical studies, we demonstrate that the present scheme can prolong coherence times by more than two orders of magnitude under realistic conditions. We exploit hybrid dressed states to implement quantum gates and quantum simulation with significantly improved fidelity, e.g. using NV centers in diamond, which thus provides a route towards a large-scale reliable quantum simulation. It is also feasible to verify the idea with other physical systems such as trapped ions as will be demonstrated here by detailed simulations.
The proposal.-We start from single two-level systems with the basic Hamiltonian
where σ α (α = x, y, z) represent Pauli operators. The coherence of a two-level system, e.g. NV center in diamond, would inevitably be affected by local environmental noise, such as magnetic field and/or charge fluctuation, which can be described by ∆ k α = δ k α (t)/2 σ k α . Generally, δ k α (t) are independent for different two-level systems. The dressed states induced by a continuous driving field
are protected from noise by an energy penalty [28, 29] , where of the resonant driving field respectively. In the interaction picture with respect to H k z , the effective system Hamiltonian becomes
whose eigenstates {|↑ x , ↓ x } can be used to represent a (simple) dressed spin-1 2 that is protected by the continuous driving as long as the power spectrum of the noise δ k z (t) at the frequency Ω is negligible. The phase fluctuations in the continuous driving field have two effects, one to flip the dressed states, which would be suppressed by the energy penalty as well, while the other leads to effective amplitude fluctuations [33] . The main decoherence source is therefore due to the amplitude fluctuations of continuous driving fields and the residual effect of environment noise due to a finite continuous driving field strength, which causes dephasing of dressed states. It is important to note that if, as is often the case, the decoupling fields are derived from the same source, their fluctuations will be correlated -a feature that we will exploit now.
To overcome these challenges and making use of the correlated nature of the driving fluctuations, we propose to use a pair of dressed states to carry one effective spin- 
The states |↑ and |↓ that represent the hybrid dressed spin- 1 2 are separated from the other two eigenstates |↑ x ↑ x and |↓ x ↓ x by an energy gap Ω. The dephasing noise would induce the spin flip as σ z |↑ x → |↓ x and vice versa, the effect of which on the hybrid dressed spin-1 2 can be suppressed by tuning the amplitude of the driving field Ω to sufficiently high values so that the relevant noise power spectra become insignificant. The amplitude fluctuations in the driving field, which are described as
would however cause dephasing of the simple dressed spin-
Thanks to the correlations in the amplitude fluctuations, the choice of hybrid dressed spin- such fluctuations, because δ Ω (t)(σ
0. This allows us to apply strong driving while being immune to their fluctuations.
In Fig.2 , we plot the decay of quantum coherence of hybrid dressed states under environment noise and driving fluctuations. The noise (fluctuation) δ (t) is modeled as an OrnsteinUhlenbeck process [34] with the correlation function C(t) = δ (0)δ (t) = δ exp(−|t|/τ c ), where δ is the noise amplitude and τ c is the noise correlation time. We initially prepare a coherent superposition of two basis states, namely |ψ(t = 0) = 1 2 |↑ + |↓ for hybrid dressed spin, and |ψ(t = 0) = 1 2 (|↑ + |↓ ) for a simple dressed spin. We characterize quantum coherence by f (t) = ψ(0)|ρ(t)|ψ(0) , and define coherence time as T when f (T ) = We illustrate the application of this basic principle by considering two spins, such as NV centers in nanodiamonds as well as shallowly implanted NV-centers for sensing applications. We stress that the same principle is applicable for other physical systems where noise is local and strong driving fields are necessary for decoupling the systems from high level noise. With the ability to address individual spins [35] , we first prepare the initial dressed states |↑ x |↓ x with microwave-π 2 pulses, where |↑ x = 1 2 (|↑ + |↓ ) and |↓ x = 1 2 (|↑ − |↓ ). We drive both spins with the same Rabi frequency and consider the interaction between spins given by H zz = as
z , where s 
The robustness of hybrid dressed states allows us to measure inter-spin interactions and thus the distance between (adjacent) spins with a high precision. This is similar in spirit to the experiment with trapped ions [36] . There, however, correlated noise dominated while local noise suffered by individual system is always non-collective and needs to be preliminarily addressed by dynamical decoupling. We are thus able to prepare a maximally entangled hybrid dressed state with a very high fidelity, even when the required interaction time significantly exceeds the spin coherence times [33] . Such a robust hybrid dressed state can also be exploited to construct a sensitive gradient magnetometer based on a pair of dressed spins, e.g. a pair of linked nanodiamonds [37] .
Tunable coherent coupling and quantum simulation.-For the purpose of quantum simulation, it is necessary to engineer tunable coherent interaction between hybrid dressed states. We consider two pairs of spins under continuous driving, that interact with each other via H k,l = a k,l s k, and the coupling strength is
). In the particular case ∆ = 0, namely θ = π 2 , the dressing field also acts the role of dynamical decoupling, thus we have
, which allows to efficiently realize high-fidelity entangling gates between hybrid dressed spins. Assuming equal (intra-and inter-pair) nearest-neighbor interactions a and non-nearest-neighbor couplings as a k,l = a|k − l| −3 , the effective nearest-neighbor coupling is g k,k+1 ≈ 0.78a, while h k = h k+1 . In Fig.3 , it can be seen that the fidelity of maximal entanglement generation at time t = π/2g k,k+1 is high (above 99%) even in the case where the noise/fluctuation is stronger than the coupling strength.
The generalization of coupling in Eq. (7) to more twolevel systems on a regular lattice, see Fig.4(a) , e.g. selfassembled nanodiamond lattice [37] and trapped ion lattice [38] [39] [40] , thus leads to hybrid dressed states protected robust simulation of quantum Ising model
. The coherence protection provided by H P is independent of the parameters of the simulating Hamiltonian in H s . Long-range dipolar interaction, namely the interaction σ k α z σ l β z for k = l in Eq.(6), should be effectively eliminated, as it would cause the leakage out of the protected subspace. With K periodically spatial alternating driving amplitudes (
, see the inset of Fig.3(a) for the case of K = 2, the unwanted interactions can be suppressed up to the (2K − 1)-neighbor coupling. For example, the residual interaction is ∼ 0.008(0.003)a with K = 3(4) for r −α (α = 3) scaling long range interactions. Analogous techniques can be employed for the general case of two-dimensional lattice. For one-dimensional chain, the effective coupling strength scales as g k,l ∝ |k − l| −α e where α e ≈ 2.07 + 1.24α, see Fig.4(b) ,
where α is the original interaction range. This enables us to achieve a shorter interaction length that otherwise is not possible [41] . Furthermore, as we mentioned, the dependence of the interaction on the driving basis, see Eq.(6), provide additional flexibility in engineering the simulating Hamiltonian parameters. In contrast to the digital fashion of quantum simulation in decoherence free subspace [42] , the present analog quantum simulation will save precious time in case of simu- 
with q = 0 achieved via adiabatic preparation for a one-dimensional eight-site Ising chain using hybrid dressed spins (hybrid DS) and simple two-level systems (simple TLS). The parameters are g(t) = a 0 t T , h(t) = a 0 − g(t) with a 0 = (2π)40kHz and T = 80µs.
lating a large spin system.
To show the performance of hybrid dressed states in adiabatic quantum simulation, we calculate the spin structure factor
with q = 0 for a one-dimensional Ising chain. In Fig.4 (c) , it can be seen that the transition of the order parameter S xx (q = 0) across the critical point becomes much smoother due to the decoherence effect of noise. One would expect that it will be difficult to observe quantum phase transition as the noise level and/or the system size increases. In contrast, we show in Fig.4(c) that, the effect of noise and driving fluctuation is much suppressed in a quantum simulator with the same number of hybrid dressed spins. We remark that the present scheme is also feasible for the study of quantum quench dynamics, which has attracted intensive interest recently, as it is related to the fundamental problem of thermalization in closed many-body quantum systems [43] [44] [45] [46] . In particular, high-fidelity quantum simulation may help to distinguish local thermalization from environment induced equilibrium [45, 46] .
Experiment implementation.-The present proposal can be implemented in various physical systems, e.g. NV centers in diamond and trapped ions. For NV centers in diamond, the tunable coherent interactions between hybrid dressed states can be engineered from the natural magnetic dipole-dipole interaction using appropriate microwave drivings [33] . The proof-of-principle verification of the ideas can also be achieved with trapped ions, in which we can induce the interaction term σ a x σ b x in the dressed state basis by applying counter-propagating Raman beams for generating the detuned red sideband transition, additionally we drive the carrier dressing transition for shielding the magnetic noise [33, [47] [48] [49] . In order to induce the transverse field for the simulated Hamiltonian σ a z σ b z , we can introduce an additional rotated term which transforms the Ising coupling to the XXZ Hamiltonian [4, 5, 33] . For that purpose, we use the single addressing ability of the focused co-propagating Raman beams, to drive the dressed states off resonantly [33] . The feasibility of this approach is carefully verified by our numerical simulation with realistic experiment parameters [33] .
Conclusion.-In summary, we propose to implement highfidelity quantum simulation using hybrid dressed state. Its key advantage is the possibility for applying strong driving to suppress non-collective environment noise while at the same time the inevitable driving fluctuations are suppressed. Additionally, it provides new flexibility in the engineering of tunable coherent coupling. We demonstrate theoretically the applicability of our scheme for noise resistant quantum simulation with NV centers in diamond, but would like to stress that it is sufficiently versatile to apply to a wide variety of physical systems. Our simulations show that a proof-of-principle verification is readily achievable with trapped ions under stateof-the-art experiment capability. The method can be naturally combined with a wide range of applications such as quantum metrology/sensing and quantum computing. Our work thus contributes a new path towards the development of quantum technologies, in which the effect of decoherence is currently a severe obstacle.
SUPPLEMENTARY INFORMATION Noise analysis of hybrid dressed state
We consider two-level systems as described by the following Hamiltonian
where σ α (α = x, y, z) represent Pauli operators, noise can occur along all three axes ∆ k α = δ k α (t)/2 σ k α . Given the usual case of ω 0 δ k x,y , the effect of transverse noise is suppressed by the energy gap ω 0 . Thus the main decoherence comes from the longitudinal noise
in the form of dephasing. In the case of local environment noise, it is not helpful to use a pair of two-level systems to encode an effective spin-1 2 as there is no decoherence free subspace, see Fig. S1 (a). One can introduce dressed state by applying a continuous driving field with amplitude and phase fluctuatioñ
where δ Ω (t) and δ p (t) represent the amplitude and phase fluctuation of the driving field. The effect of ∆ k z is suppressed by the driving field, as long as its power spectra is negligible at the frequency of Ω. In the interaction picture with respect to H k z , the effective Hamiltonian including driving field fluctuations is
whereδ
The phase fluctuation δ p (t) in Eq.(S.5) shows two effects. First, it leads to additional fluctuation in the amplitude of driving, and the effective total amplitude fluctuation is given by Eq.(S.6). Secondly, it also translates into the flip error (σ k y ) of dressed states, which is suppressed if the fluctuation is small such that sin δ p (t)
1. Thus, decoherence mainly comes from the amplitude fluctuation of driving described as followsH Generally, the amplitude fluctuation becomes larger as the driving power increases. By increasing the driving field amplitude, on the one hand, it is beneficial for the suppression of environment noise, on the other hand, the accompanying increase in the driving field fluctuations would diminish the overall performance, as shown Fig. S1(a-b) . The essence of the hybrid dressed state is using a pair of two-level systems under identical driving to carry one single effective spin-
Because the following conditions are satisfied
hybrid dressed states are thus robust not only to environment noise but also to the amplitude and phase fluctuation in driving.
In our numerical simulation, we model the environment noise δ (t) and the amplitude fluctuations of the driving fields δ Ω (t) as an Ornstein-Uhlenbeck process [1] with the correlation function C(t) = δ (0)δ (t) = δ exp(−|t|/τ c ), where δ is the noise amplitude and τ c is the noise correlation time. We also include the fluctuating phase δ p (t) in our model where it takes a random value uniformly distributed in −δ 0 p , δ 0 p . It can be seen from Fig. S1 (b) that coherence times of hybrid dressed state are significantly prolonged, and is not susceptible to the fluctuations the continuous driving field. The scaling of coherence times is shown in Fig.2 of main text. 
Robust preparation of hybrid dressed states
We consider a pair of NV centers with addressable electronic transition frequencies [2] to prepare (entangled) hybrid dressed states. We drive both NV centers with the same Rabi frequency, the interaction between NV centers is then given by
where s . After an interaction time τ, the system evolves into the state |ψ(τ) = cos(
The state preparation fidelity is severely limited by local magnetic noise, particularly when the spin-spin coupling is even weaker than noise, namely a ≤ δ . In Fig.S2 , we simulate the state preparation of (entangled) hybrid states, and shows a high fidelity (> 99%) under realistic noise and driving fluctuation.
In the interaction picture with respect to Eq.(S.14), the flip effect σ m x in H m noise (see Eq.S.23) is suppressed, and thus
In order to suppress this noise, we introduce continuous driving fields, which are presented in the lab frame as follows:
Moving to the interaction picture with respect to the bare energy structure yields 26) in the rotating wave approximation (RWA) assuming Ω m ω m 0 ±Ω m . We now transform to the rotated basis and move to the second interaction picture with respect to Eq. S.14. Therefore, in the RWA assuming Ω m Ω m , we obtain the continuous driving fields 27) which would then suppress the noise in Eq.(S.24). The remaining noise comes from the fluctuation of the driving field
The total effective Hamiltonian is
The corresponding dressed states (i.e. the eigenstates of H m d ) are
and the hybrid dressed states are
As we discuss in the main text, the above hybrid dressed states are robust against both local magnetic noise and fluctuations of driving fields. In the following, we will derive the tunable Hamiltonian of coupled NV centers by writing the total effective Hamiltonian in the basis of hybrid spin- Thus, in the interaction picture with respect to Eq.S.54 we obtain the effective Hamiltonian Hamiltonian is supported by our numerical simulation with realistic experiment parameters, as shown in Fig.S3 .
